Abstract: In current local area networks, multimode fibers (MMFs), primarily graded index (GI) MMFs, are the main types of fibers employed for data communications. Due to their enormous bandwidth, it is considered that they are the main channel medium that can offer broadband multiservices using optical multiplexing techniques. Amongst these, mode group diversity multiplexing (MGDM) has been proposed as a way to integrate various services over an MMF network by exciting different groups of modes that can be used as independent and parallel communication channels. In this paper, we study optical multiple-input-multiple-output (O-MIMO) systems using MGDM techniques while also optimizing the launching conditions of light at the fiber inputs and the spot size, radial offset, angular offset, wavelength, and the radii of the segment areas of the detectors. We propose a new approach based on the optimization of launching and detection conditions in order to increase the capacity of an O-MIMO link using the MGDM technique. We propose a (3 Â 3) O-MIMO system, where our simulation results show significant improvement in GI MMFs' capacity compared with existing O-MIMO systems.
Introduction
The use of optical fiber is of great interest in developing extensive, high-speed networking infrastructures. Optical fiber provides many advantages over traditional copper cables and wireless links [1] . Among these advantages are high security, low electromagnetic interference, extremely low loss, very high bandwidths, and highly manageable cabling. In short range optical networks, where the length of the optical fibers does not exceed a few kilometers, MMFs have been primarily used. A good reason for this is that the size of their core is much larger than the size of the core of single-mode fibers (SMFs). Therefore, handling of MMFs is easier than of SMFs, since there is more tolerance in the required alignment for the coupling of light in and out of the MMF, as well as for splicing MMFs.
While the plurality of modes in MMF eases requirement on optoelectronic components and fiber alignment, it also leads to distortion of the transmitted signal. The guided modes of MMF exhibit unique group velocity. In stepped-Index Multimode Fiber (SI-MMF), modes of increasing order (i.e., complexity in transverse mode profile) also propagates along an increased path length. In a homogenous medium, signal transmitted along more the High-Ordered Modes (HOM) will have a longer effective path length and will arrive at the fiber output significantly later than signal in Low-Ordered Modes (LOM). This intermodal dispersion, or Differential Modal Delay (DMD), can cause severe Inter-Symbol Interference (ISI). The core of GI-MMF, however, is designed to minimize this DMD among modes. Besides exhibiting a shorter path length than HOM, LOM are confined to smaller regions, near the center of the fiber core; as a result, LOM experience a higher refractive index. Due to their large core diameters compared to the SMF, GI-MMFs offer major advantages in installation, handling and in capacity benefits. They enable necessary bandwidth for short length applications such as e.g., local area networks, data centers, and radio over fiber, etc. As a result, this study is devoted to GI-MMFs system performance.
Currently, we have four GI-MMF categories specified in the generic cabling standards. Internationally, ISO/IEC 11801 specifies OM1, OM2, OM3, and OM4. For prevailing 10 Gigabit transmission speeds, OM3 is generally suitable for distances up to 300 m, and OM4 is suitable for distances up to 550 m. While OM3 and OM4 can support higher data rates and longer distances, there impact on installed base are not significant. Based on BSRIA (Building Services Research and Information Association) shipment data, the vast majority of commercial buildings and data centers are installed with OM1 and OM2 fibers. In order to use a common broadband in-house network infrastructure, in which a variety of services can be integrated, at low cost, we are interesting to exploit the existing OM1 and OM2 installations.
It is already known that the light propagates inside GI-MMFs in different modes, with each mode propagating at its respective group velocity [2] . The set of modes excited depends primarily on the launching of the light conditions at the input facet of the fiber [3] . To simultaneously transport various types of services having various bandwidths, the choice of any multiplexing technique depends on the high QoS and depends on the implementation cost of this technique. There exist several conventional techniques such wavelength-division multiplexing (WDM) based on the allocation of a wavelength to each service. However, this technique is limited by the capacity to generate adequate optical carrier. Indeed, WDM requires wavelength-specific sources in addition to wavelength-selective filter at the receiver, which are quite costly. Another candidate for multi-services systems called optical code-division multiple access (O-CDMA) that associate a sequence code to each service. However, spread spectrum with high flow rates (10 Gb/s) requires the use of lasers at high frequencies, which renders the system more expensive. MGDM is an O-MIMO technique that aims to create independent communication channels over MMF using subsets of propagating modes. It provides larger robustness and capacity for data communications and was introduced in order to improve the ability of a single MMF to integrate multi-services in a network [4] . As a result, new network appliances, such as telephones and televisions, will be added to the same data infrastructure. Already voice over Internet Protocol (VoIP) and Video on Demand (VoD) are being offered to consumers, over a single data network. The MGDM efficiently exploits fiber bandwidth by spatial launching and detection of the light; which increases the capacity of MMF [5] . We propose a new approach based on the optimization of the launching and detection conditions in order to increase the capacity of the O-MIMO link using MGDM technique. We propose a (3 Â 3) O-MIMO system in order to improve GI-MMF capacity compared to existing O-MIMO systems.
This paper is organized as follows. In Section 2, the classical MGDM technique description details are given. In Section 3, we study methods on how to optimize transmission and detection conditions in order to increase channel capacity. Furthermore, a (3 Â 3) MGDM system model is proposed and its performance details are explained. Simulation results showing the capacity improvement of our proposed system model as well a comparison with published research results are provided in Section 4. Finally, in Section 5, we draw conclusions from the obtained results.
Mode Group Diversity Multiplexing (MGDM)
Multiplexing in telecommunication systems allows several users to share the same transmission medium. The MGDM is a multiplexing technique model that enables parallel communication channels over a single MMF network. In this study, the MGDM has been proposed in order to integrate various services over a MMF network. The principle setup of MGDM is illustrated in Fig. 1 .
At the transmitting side, N Lasers (light sources), each are used to launch a different group of modes. Modal interferences can be significantly minimized when different N sources of light are used for different mode groups. At the output facet of the MMF, a set of K photo-detectors respond to a different combination of the optical power carried by the N mode groups, related to the set of N lasers. The K received signals are related to the N transmitted signals via ðK Â NÞ the transmission matrix H, whose elements h ij are the impulse responses of the ith output to the jth input.
The received signal ðy Þ is expressed as follows:
where y , s, and n are the received signal vector, the emitted signal vector, and the additive noise from the receivers, respectively. Considering the hypothesis that H is known at the receiver, the capacity of the system is expressed as follows [6] :
where B is the channel bandwidth, I K is the unity ðK Â K Þ matrix, and is the signal-to-noise ratio (SNR) at the input of the receiver array. The values of h ij are given by [7] h ij ¼ I j ðr i ; LÞ I j ðR; LÞ
where I j is the light flux intensity emitted by the jth transmitter, r i is the area of the ith receiver, R is the total area of the core fiber, and L is the fiber length. The light flux intensity is given by
where a ; and ; are the modal amplitude and the modal function of the ð; Þ mode, respectively and ; is the light propagation constant. The parameters and are known as the radial and azimuthal mode numbers, respectively. The determination of the intensity for each channel allows us to govern the coefficients of the matrix H which define the MGDM channel. In order to calculate the intensity distribution at the end facet of the fiber, the values of the modal function ; , the modal amplitude a ; and the propagation0 constant ; should be determined. The modal function is given by the following expression:
where w 0 is the spot size of the fundamental mode, and Hf is the Hermite function defined by:
The modal amplitude is determined by the overlap integral given by the following equation:
zÞ (7) where ; is the attenuation coefficient of a MMF given by the following equation which has been proposed in [1] using experimental data from [8] :
where 0 is the intrinsic attenuation of the fiber, I 9 is the 9th modified Bessel function, is the weight constant, m is the principal mode number defined as m ¼ 2 þ þ 1 and M is the total number of principal mode groups (PMGs). PMGs consist of modes with very similar propagation coefficient. The parameter m is a discrete integer which varies from 1 to M. In the approximation of low guidance, modes are combined into mode groups and propagate with the same modal propagation constant given by the following expression:
where n 0 is the refractive index coefficient of the fiber, and k 0 is the free space wave-vector. The incident field at the input side of the fiber along the axis O z , is considered as a Gaussian beam given by the following equation [9] :
where is the operating wavelength used in the transmission. F , w , and are the offset, the spot size, and the angular offset, respectively, which determine the excitation conditions of the MMF as illustrated below in Fig. 2 . The field E is the superposition of the fields triggered by the sources ðs i Þ.
Optimization of Excitation Conditions and Detection Parameters
The employment of the MGDM system in terms of capacity expansion gives rise to major interest in most current applications of optical communication systems. In this section, we study the optimum selection criteria of transmitters and receivers in order to increase the capacity of the proposed optical communication system. The proposed model is a (3 Â 3) MGDM system with optimal launching and detection parameters. Initially, we study the light flux intensity distribution. The distribution of the light flux intensity at the end facet of the fiber depends strongly on the number of excited modes in the input facet. The number of excited modes in the MGDM link depends mainly on the spatial excitation conditions ðF ; w ; Þ and the wavelength , which have been carefully optimized in this study in order to help mitigate crosstalk in the MGDM link. The choice of the offsets is related to the optimization of the launching conditions in order to minimize the interference between the generated MIMO channels. In addition, for each launching offset, there is a specific region at the output facet of the fiber to collect the maximum light intensity at the receiver. The excitation of modes depends, not only on spatial conditions, but also on the used wavelength. In the following paragraphs, we present the optimization of the above key input/output parameters in order to select optimal conditions for the employed optical communication system.
Optimization and Selection of the Spot Size ðw Þ and the Radial Offset ðF Þ
The relationship between the spot size ðw Þ, the radial offset ðF Þ, and the total number of PMGs ðMÞ is given by the following expression [10] :
; if F G w :
The intensity distribution of the light at the output of the fiber depends on the number of excited modes at the input of the fiber. If, the number of excited modes is small, the intensity distribution is focused in a small radius. Changing the spot size or the radial offset of the incident beam at the input facet of the fiber affects the number of excited modes, and if at a given offset, the number of excited mode is small, the distribution of the light intensity power focuses on the fundamental modes. Otherwise, if the number of modes increases, the light intensity power of the fundamental modes decreases and the light intensity power of the end modes increases. For these reasons, the optimal spot size and the optimal radial offset correspond to the minimum value of M. Indeed, the distribution of the light intensity power is mainly focused on the fundamental modes.
Optimization and Selection of Angular Offset ðÞ
For an incident light beam, there is only one optimal angle ðÞ which has a maximum light intensity at the receiver output, corresponding to a minimum number of excited mode groups. The 
where a is the core radius of the MMF, is the parameter that determines the shape of the profile in the fiber, and NA is the Numerical Aperture of the MMF.
Optimization and Selection of Wavelength ðÞ
The excitation conditions of modes also depend on the wavelength ðÞ. The total mode group number of the MMF is related to the wavelength can be expressed as [12] M ¼ 2a
The optimum wavelength corresponds to the minimum of the excited mode group number. However, the modal attenuation of each spread mode of the fiber depends on the wavelength. It should be noted that modal attenuation of the signal generated by conventional loss mechanisms in the fiber such as absorption, Rayleigh scattering and reflection losses at the corecladding interface have not been included in this study.
Analysis and Optimization of (3 Â 3) MGDM Link
For the (3 Â 3) MGDM link, three separate channels are generated in the GI-MMF by the injection of light in the three different offsets. The central transmitter launches only the lower-order modes, the two other transmitters launch higher-order modes which are mainly propagating in the outer region of the MMF core. At the reception (detection), every subgroup of modes has a specific area of optical energy distribution at the output facet of the fiber. The segment areas are chosen to minimize, on average, the optical cross-talk at the detector segments. Fig. 3 represents the input and the output facet of MMF for the (3 Â 3) MGDM system, where F i , w i , " ðiþ1Þ and r i , I ¼ 1; 2; 3 represents the radial offsets, the spot sizes, the spot light distances and the segments areas radius, respectively, of the detector relative to channel n : i. Optimal spot sizes ðw 1 ; w 2 ; w 3 Þ and radial offsets ðF 1 ; F 2 ; F 3 Þ are chosen to minimize the mode group number. These six parameters also depend on the fiber type, the fiber length and the used wavelength. The excited mode group number given by equation (11) depends both on the spot size and the radial offset. The geometry of the fiber must be taken into consideration in order to permit a separation distance (" 2 and " 3 ) between spot light sources. In these simulations, we have used the following two types of fibers (GI-MMF 62.5/125 m "OM1"and GI-MMF The value of the first spot size w 1 must be smaller than the fiber radius a, and larger than a minimal value " 1 , presenting the smallest radius of the light beam source which can be used for the injection
The value of the first radial offset F 1 must be smaller than the fiber radius 0 F 1 a:
The calculated results for these parameters, using the equations (11) This choice diversity of these optimal parameters is highly convenient for the user as it allows for more flexibility. Fig. 4 shows the evolution of the excited mode group number for two types of fibers used in the system as a function of the spot size for different wavelengths. On the other hand, Fig. 5 shows the variation of the mode group number as a function of the radial offset for the first transmitter.
After we obtained these results, we then looked for the second injection parameters which provide the optimal excitation. The second beam light is physically constrained to have a minimum distance " 2 from the first one to allow a separation distance of the two beam light sources. These physical constraints can be expressed by
The calculated results for these parameters for the GI-MMF (50/125 m) provide optimal injection for w 2 ¼ 4 m and F 2 ¼ 17 m, at the wavelength 2 ¼ 850 nm. While for the case of when Figs. 6 and 7 show the evolution of the excited mode group number with the spot size and the radial offset, respectively, for the second transmitter. For the third parameters, the physical constraints can be expressed by
where " 3 is the minimum distance between the second and third beam light sources. The third spot size must have a minimum distance separation " 4 from the cladding of the fiber. The calculated results of third parameters for the GI-MMF (50/125 m) gives the injection for w 3 ¼ 4 m, Vol. 6, No. 6, December 2014 7903515 Figs. 8 and 9 show the evolution of the excited mode group number as a function of the spot size and the radial offset for the third transmitter. Calculations of the results have been performed using equation (12) , where the optimal angular offset is 1 ¼ 0 , 2 ¼ 3:6442 , and 3 ¼ 5:818 for the case when GI-MMF (50/125 m) is used. The angular offsets 1 , 2 , and 3 are associated with the first, second, and third transmitter, respectively, whereas for the case when GI-MMF (62.5/125 m) is used, the calculated results are as follows: 1 
, and 3 ¼ 4:638 . If we refer to Fig. 3 , we can see that the output facet of the fiber is divided into three circular sections corresponding to three different injections. Every subgroup of modes has a specific area of detection. For the first transmitter, light energy is concentrated into the middle of the Fig. 7 . The evolution of the excited mode group number distribution with the radial offset for different wavelengths and two types of fibers (for second transmitter). fiber core zone. It should be noted that the lowest mode will carry more energy. However, the light energy of the two other transmitters is distributed in the outside region of the core as a result of the higher order modes being excited.
In order to increase the orthogonality between channels and consequently increase the capacity of the system, the optimal receivers are chosen by determining the maximum intensity of light flux in each detection area of the corresponding transmitter.
For the fundamental channel ðF 1 ¼ 0 mÞ, the optimal reception area of light energy is concentrated in the middle of the fiber core with a radius R 1 ðR 1 ¼ r 1 Þ. The optimal detection area corresponding to the second injection is concentrated in the zone of radius R 2 ðr 1 G R 2 G r 2 Þ. For the third transmitter, the optimal detection area is concentrated in the zone of radius R 3 ðr 2 G R 3 G aÞ. The choice of excitation and reception settings can be summarized by the diagram shown in Fig. 10 . This diagram describes the calculating steps of the optimal transmission and reception conditions.
Proposed Model
We propose a (3 Â 3) MGDM system, as illustrated in Fig. 11 . It should be noted that the MMF is presented as a multipath channel. The three received signals are directly related to the three transmitted signals via (3 Â 3) transmission matrix H, whose elements are h ij , i; j ¼ 1, 2, 3, as defined by the equation (3) . The (3 Â 3) MGDM model employs the optimized transmitters and receivers.
The calculated results of the optimal injection and detection parameters for the two types of fibers employed in this proposed optical system model are presented in Table 1 . Fig. 9 . The evolution of the excited mode group number distribution with the radial offset for different wavelengths and two types of fiber (for third transmitter).
Simulation Results
MGDM is known to improve the network capacity, and it enables the integration of different services in a network, allowing the optimal use of the optical bandwidth. Parameters of injection and reception are the principal elements of the MGDM technique realization. These characteristics influence the system capacity and the quality of the transmission. For these reasons and to evaluate our system performance, we will calculate its capacity. Moreover, we will compare the simulation results of our system to other research results. 
Calculating Algorithm of the Transfer Matrix and the Channel Capacity
In this section, we propose our algorithm to calculate the transfer matrix "H" and the system capacity "C," of our MGDM link. This algorithm is illustrated in Fig. 12 .
In this algorithm, we start by initializing the program data. These data are the used MMF parameters (length, refractive indices, etc.) and the launching conditions (spot sizes, radial offsets, angular offsets, wavelengths, etc.). Next, we calculate the Hermite function, the modal propagation constant and the modal attenuation by varying the radial and the azimuthal mode numbers using the relationship which reads these numbers to the mode number. After that, we calculate the modal scalar field and the modal amplitude. Knowing the receiver parameters, we calculate subsequently the light intensity distribution caused by each transmitter. This step is repeated for all different transmitters and receivers combinations. The total intensity distribution is the sum of the intensity distribution of the light flux generated by the various transmitters. The proportion value of the received power at the output facet of the fiber of each mode group allows us to find the elements of the transfer matrix. When the matrix is determined, it becomes easy to calculate the system capacity.
Results and Discussion
For the case of the GI-MMF (50/125 m) fiber with the following injection parameters: For the case of the GI-MMF (62.5/125 m) fiber with the following injection parameters: In this case, we evaluate the capacity of the proposed system given by equation (2) and then we compare the simulated results with those published by Awad et al. [13] , where the launching and reception parameters are shown in Table 2 .
Figs. 13 and 14 show the capacity improvement obtained by using our proposed emitter for the following fibers: GI-MMF (62.5/125 m) and GI-MMF (50/125 m).
Figs. 13 and 14 illustrate the capacity of the MMF as a function of SNR for single-input-singleoutput (SISO), (3 Â 3) MGDM reported in [12] , and our proposed (3 Â 3) MGDM model. It is clear to see that our proposed optical system model, for two the types of MMF, shows significantly increased capacity performance compared to the reported results in [12] . The capacity, in the case of MGDM (3 Â 3), under the optimal conditions increases rapidly when the SNRs is increased. An average gain of 8 bits/s/Hz and 26 bits/s/Hz is obtained compared to [12] and the SISO system, respectively, when SNR ¼ 30 dB.
For low SNRs, our system shows a capacity gain around 2 bits/s/Hz at SNR ¼ 5 dB for the case when the GI-MMF (62.5/125 m) fiber is used, and around 1 bits/s/Hz at the same SNR Injection and reception parameters in [12] for the case when the GI-MMF (50/125 m) is used, in comparison to [12] . We can also quite evidently see an improvement in the capacity gain of 3 bits/s/Hz compared to the SISO channel at the same SNR for the two types of the fibers used in the system. From Fig. 14 , it can be seen that capacity increases as a function of the SNR and in particular, a major increase can be noted when our proposed optimized system is deployed compared to (3 Â 3) MGMDM, (2 Â 2) MGMDM, and SISO.
Conclusion
In this paper, an analytical study and optimization of MGDM link is presented. The impact of injection and reception conditions in order to improve the capacity of multimode fibers is demonstrated for a (3 Â 3) MGDM proposed optical system. The excited mode group number is used as a matrix to determine the optimum radial and angular offsets, spot size, and wavelengths. Optimization of the key launching and detection parameters of the proposed optical system for 
